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A PET tracer for tumor imaging, 3-18F-L-a-methyl-tyrosine ([18F]FAMT), has advantages of high cancer-
speciﬁcity and low physiological background. In clinical studies, FAMT-PET has been proved useful for
the detection of malignant tumors and their differentiation from inﬂammation and benign lesions. The
tumor speciﬁc uptake of FAMT is due to its high-selectivity to cancer-type amino acid transporter LAT1
among amino acid transporters. In [18F]FAMT PET, kidney is the only organ that shows high physiological
background. To reveal transporters involved in renal accumulation of FAMT, we have examined [14C]
FAMT uptake on the organic ion transporters responsible for the uptake into tubular epithelial cells. We
have found that OAT1, OAT10 and OCTN2 transport [14C]FAMT. The [14C]FAMT uptake was inhibited by
probenecid, furosemide and ethacrynic acid, consistent with the properties of the transporters. The
amino acid uptake inhibitor, 2-amino-2-norbornanecarboxylic acid (BCH), also inhibited the [14C]FAMT
uptake, whereas OCTN2-mediated [14C]FAMT uptake was Naþ-dependent. We propose that FAMT uptake
by OAT1, OAT10 and OCTN2 into tubular epithelial cells could contribute to the renal accumulation of
FAMT. The results from this study would provide clues to the treatments to reduce renal background and
enhance tumor uptake as well as to designing PET tracers with less renal accumulation.
© 2016 Production and hosting by Elsevier B.V. on behalf of Japanese Pharmacological Society. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
In positron emission tomography (PET) for tumor imaging, a
glucose analog, 2-18F-ﬂuoro-2-deoxy-D-glucose ([18F]FDG), hasmost
commonly been used as a PET tracer (1). Although [18F]FDG PET has
been used successfully for the clinical diagnosis ofmalignant tumors,
it sometimes suffers from false-positive ﬁndings in inﬂammatory
tissues and benign lesions and high physiological backgrounds
particularly in brain (2). It is due to the upregulation or high level ofm Pharmacology, Graduate
Suita, Osaka 565-0871, Japan.
p (Y. Kanai).
rmacological Society.
r B.V. on behalf of Japanese Pharmexpression of glucose transporters responsible for cellular uptake of
FDG in non-tumor tissues (2e4). Amino acid PET tracers have, thus,
been developed to overcome such disadvantages of [18F]FDG PET,
because they generally exhibit more tumor-selective properties (5).
For example, L-[11C-methyl]methionine ([11C]MET) and O-(2-[18F]
ﬂuoroethyl)-L-tyrosine ([18F]FET) (Supplemental Fig. 1) have been
shown to be less accumulated in brain and inﬂammatory lesions
compared with [18F]FDG (5), although they still exhibit some extent
of false-positives and physiological backgrounds in PET (6, 7).
In single photon emission computed tomography (SPECT), an
amino acid tracer 3-123I-L-a-methyl-tyrosine ([123I]IMT)
(Supplemental Fig. 1) has been used for tumor imaging (5). [123I]IMT
accumulates in malignant tumors with less false positives and with
low background in brain (5). Based on such high tumor speciﬁcity of
[123I]IMT, 3-18F-L-a-methyl-tyrosine ([18F]FAMT) (Supplemental Fig.1)
has been developed as a PET tracer for tumor imaging by substitutingacological Society. This is an open access article under the CC BY-NC-ND license
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that [18F]FAMT accumulates speciﬁcally in malignant tumors (9e16).
[18F]FAMT-PET has been proved useful for the prediction of prognosis
and for the differentiation of malignant tumors from inﬂammation
and benign lesions (9e16). In the previous study, we showed that
FAMT is speciﬁcally transportedbycancer-type aminoacid transporter
L-typeaminoacid transporter1 (LAT1, SLC7A5),whichexplains tumor-
speciﬁc accumulation of [18F]FAMT in PET (17). LAT1 is a Naþ-inde-
pendent amino acid transportermediating the uptake of large neutral
amino acids including aromatic and branched-chain amino acids (18,Fig. 1. [14C]FAMT transport by organic anion transporters. The uptake of 50 mM [14C]FAM
(A), OAT3 (B) and OAT10 (D). The uptake of 50 mM [14C]FAMT (FAMT) and a typical substrat
typical substrate [3H]estrone-3-sulfate (ES) was measured for OAT4 (C). The uptake was me
(“þ”) in ND96 buffer. The uptake rate was expressed as mean ± SEM (n ¼ 6e10). *, p < 0.019). It is predominantly expressed in primary tumors of various tis-
sue origins and their metastatic lesions except some non-tumor cells
(20, 21). We showed that a-methyl moiety of FAMT is responsible for
its preference for LAT1 (17,22e24). In fact, the accumulation of [18F]
FAMT in PET is well correlated with the level of LAT1 expression in
various tumors (11, 12, 14, 16).
In [18F]FAMT PET, kidney is the only organ that shows high
physiological uptake of [18F]FAMT, limiting its use for the diagnosis
of renal carcinoma (9, 10, 13, 16, 25). Renal accumulation of SPECT
tracer [123I]IMT with the FAMT-related structure (SupplementalT (FAMT) and a typical substrate [14C]p-aminohippurate (PAH) was measured for OAT1
e [14C]urate was measured for URAT1 (E). The uptake of 5 mM [14C]FAMT (FAMT) and a
asured for 30 min on the control oocytes (“”) and the oocytes expressing transporter
5; n.s., not signiﬁcant.
Fig. 2. [14C]FAMT transport by organic cation transporters. The uptake of 50 mM
[14C]FAMT (FAMT) and a typical substrate [14C]tetraethylammonium (TEA) was
measured for 30 min on the control oocytes (“”) and the oocytes expressing OCT1 (A)
or OCT2 (B) (“þ”) in ND96 buffer. The uptake rate was expressed as mean ± SEM
(n ¼ 5e10). *, p < 0.05; n.s., not signiﬁcant.
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aminohippurate (26, 27), suggesting it to be a transporter-mediated
process (28). Furthermore, probenecid, furosemide and ethacrynic
acid, which interact with organic anion transporters (29e31),
reduced tubular secretion of [125I]IMT in mice (28). Therefore, in
the present study, in order to reveal transporters involved in renal
accumulation of FAMT in PET, we have examined the transport of
14C-labeled FAMT on the organic ion transporters responsible for
the uptake of organic solutes into tubular epithelial cells in kidney.
2. Materials and methods
2.1. Radiolabeled chemicals
[14C]FAMT was synthesized by Sekisui Medical (Tokyo, Japan) to
obtain high speciﬁc radioactivity by BücherereStrecker reaction
using 3-ﬂuoro-4-methoxyphenylacetone (NARD Institute, Ltd.,
Amagasaki, Japan) as a starting material (32). [14C]FAMT was
identified by 1H nuclear magnetic resonance analysis (AV400M,
Bruker Biospin), high-performance liquid chromatography (Agilent
1200) and mass spectrometry (LTQ XL, Thermo Fisher Scientiﬁc)
(17). The purity of the [14C]FAMT was determined to be 99% by
high-performance liquid chromatography. Its speciﬁc activity was
1.77 GBq/mmol.
[14C]p-aminohippurate (2.04 GBq/mmol), [14C]urate (2.04 GBq/
mmol) and [14C]tetraethylammonium (2.04 GBq/mmol) were pur-
chased from American Radiolabeled Chemicals (St. Louis, MO). [3H]
estrone-3-sulfate (1.665 TBq/mmol) was obtained from Perki-
nElmer (Boston, MA).
2.2. Chemicals
p-Aminohippurate, estrone-3-sulfate, tetraethylammonium and
2-amino-2-norbornanecarboxylic acid (BCH) were purchased from
Sigma-Aldrich (St. Louis, MO). Non-radiolabeled FAMT was pur-
chased from NARD Institute, Ltd. (Amagasaki, Japan) (17). Other
general chemicals were obtained from Wako (Osaka, Japan).
2.3. cDNAs and complementary RNA (cRNA) synthesis
cDNAs for human transporters used in this study were listed in
Supplemental Table 1. In vitro transcription was performed to
synthesize polyadenylated cRNAs from linearized plasmids using
mMESSAGE mMACHINE® Kit and Poly (A) Tailing Kit (Ambion,
Austin, TX) following themanufacturer's protocol. cRNAswere then
puriﬁed with MEGAclear™ Kit (Ambion, Austin, TX). Plasmid vec-
tors, restriction enzyme sites for subcloning, enzymes for lineari-
zation and RNA polymerases used for cRNA synthesis were
described in Supplemental Table 1.
2.4. Xenopus laevis oocyte expression and uptake measurements
Defolliculated oocytes were injected with polyadenylated cRNA
(25 ng/oocyte). The oocytes were, then, incubated at 18 C in Barth's
saline (18, 33). Uptakemeasurementswere performed2e4 days after
injectionof cRNAaspreviously described (18, 33). In brief, theoocytes
were incubated at room temperature with 500 ml uptake solution
containing 7.4e148 kBq of 14C-labeled compounds or 166.5 kBq of
[3H]estrone-3-sulfate at the designated concentration for the time
periods indicated.ND96buffer (96mMNaCl, 2mMKCl,1.8mMCaCl2,
1mMMgCl2, 5mMHEPES, pH7.5)wasusedas theuptake solution for
Naþ-dependent transport. For Naþ-free uptake solution, NaCl was
replaced by choline-Cl. The oocytes were then washed with ice-cold
uptake solution, lysed in 10% sodium dodecyl sulfate. The radioac-
tivity was determined by liquid scintillation counting.Functional expression of each transporter in Xenopus oocytes
was conﬁrmed by measurement of the uptake of its typical sub-
strate as described in the legends to ﬁgures. To examine the
dependence of the transport on substrate concentrations, the up-
take of [14C]FAMT was measured in the oocytes expressing OAT10
at varied concentration of FAMT. Transport rate at each concen-
tration was obtained by subtracting the uptake rate of control oo-
cytes without cRNA injection from that of the oocytes expressing
OAT10. The transport rate was plotted against FAMT concentration
and ﬁtted to a MichaeliseMenten curve to obtain Michaelis con-
stant (Km) andmaximal transport rate (Vmax) using enzyme kinetics
module of SigmaPlot 12.5 (Systat Software, San Jose, CA).
EadieeHofstee plot was also obtained using enzyme kinetics
module of SigmaPlot 12.5 (Systat Software, San Jose, CA). In the
inhibition experiments, the uptake of 5 mM [14C]FAMT were
measured in the presence of inhibitors (500 mM for probenecid,
furosemide and ethacrynic acid; 0.1, 0.5 and 5 mM for BCH).
For transport measurements, 5 to 13 oocytes were used for each
measurement. Each data in the ﬁgures represents the mean ± SEM
To conﬁrm the reproducibility of the results, three separate ex-
periments using different batches of oocytes were performed.
Statistical differences were determined using the Student's un-
paired t-test. Differences were considered signiﬁcant at p < 0.05.
Table 1
Transport of [14C]FAMT by organic ion transporters in kidney.
Organic ion transporter Gene [14C]FAMT





Organic cation OCT1 SLC22A1 e
OCT2 SLC22A2 e
Zwitterion OCTN1 SLC22A4 e
OCTN2 SLC22A5 þ
1 “þ” indicates that [14C]FAMT is transported by the designated transporter,
whereas “e” indicates that [14C]FAMT is not transported.
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3.1. OAT1, OAT10 and OCTN2 mediate [14C]FAMT transport
In order to reveal the transporters involved in renal accumula-
tion of FAMT in PET, we examined organic ion transporters involved
in the uptake into renal tubular epithelial cells (Supplemental
Fig. 2): organic anion transporters OAT1, OAT3, OAT4, OAT10 and
URAT1; organic cation transporters OCT1 and OCT2; zwitterion
transporters OCTN1 and OCTN2 (Supplemental Table 1) (29e31).
We found that OAT1 and OAT10 transported [14C]FAMT among
organic anion transporters (Fig. 1A, D), whereas OAT3, OAT4 and
URAT1 did not transport [14C]FAMT (Fig. 1B, C, EE). Organic cation
transporters OCT1 and OCT2 did not transport [14C]FAMT (Fig. 2A,
B). In zwitterion transporters, OCTN2 transported [14C]FAMT,
whereas OCTN1 did not (Fig. 3A, B). The results on the organic ion
transporters are summarized in Table 1.
3.2. Concentration-dependent [14C]FAMT transport by OAT10
Because the expression of OAT10 in oocytes resulted in a
prominent increase of [14C]FAMT uptake (Fig. 1D), concentration-
dependence of [14C]FAMT transport was able to be determined.
As shown in Fig. 4, OAT10-mediated [14C]FAMT transport wasFig. 3. [14C]FAMT transport by zwitterion transporters. The uptake of 50 mM [14C]
FAMT (FAMT) and a typical substrate [14C]tetraethylammonium (TEA) was measured
for 30 min on the control oocytes (“”) and the oocytes expressing OCTN1 (A) or
OCTN2 (B) (“þ”) in ND96 buffer. The uptake rate was expressed as mean ± SEM
(n ¼ 8e13). *, p < 0.05; n.s., not signiﬁcant.saturable and followed MichaeliseMenten kinetics. Its Km and Vmax
values were 351.0 ± 62.0 mM and 3.9 ± 0.3 pmol/oocyte/min,
respectively (Fig. 4).
3.3. Properties of [14C]FAMT transport mediated by OAT1, OAT10
and OCTN2
The [14C]FAMT transports by OAT1, OAT10 and OCTN2 were
examined in terms of the interaction with probenecid, furosemide
and ethacrynic acid which were reported to affect renal handling of
SPECT tracer [123I]IMT with the FAMT-related structure (28). As
shown in Fig. 5A and B, the transports of [14C]FAMT (5 mM) medi-
ated by OAT1 and OAT10 were signiﬁcantly inhibited by probene-
cid, furosemide and ethacrynic acid (500 mM). The [14C]FAMT
transport mediated by OCTN2 was inhibited signiﬁcantly by pro-
benecid and ethacrynic acid (Fig. 5C).
Because it was once suggested that IMT uptake was partly
mediated by Naþ-dependent and BCH-inhibitable component(s)
(28), we examined the effect of BCH (Supplemental Fig. 1) and Naþ
on the [14C]FAMT transport mediated by OAT1, OAT10 and OCTN2.
As shown in Fig. 6B, the transport of [14C]FAMT (5 mM)mediated by
OAT10 was inhibited by BCH in a concentration dependent manner.
The [14C]FAMT uptakes by OAT1 and OCTN2 were also inhibited by
BCH at 5 mM (Fig. 6A, C). Furthermore, the comparison of [14C]
FAMT transport in the presence and absence of Naþ indicated that
OCTN2-mediated [14C]FAMT transport is highly dependent on Naþ,
whereas [14C]FAMT transports by OAT1 and OAT10 were Naþ-in-
dependent (Fig. 7).Fig. 4. Concentration dependence of [14C]FAMT transport. Concentration depen-
dence of [14C]FAMT transport mediated by OAT10 was determined. OAT10-mediated
[14C]FAMT transport at 3, 10, 30, 100, 300, and 500 mM was measured for 30 min in
ND96 buffer. Transport rate was expressed as mean ± SEM (n ¼ 7e9) and ﬁtted to
MichaeliseMenten curve to obtain the kinetic parameters. Inset, EadieeHofstee plot of
OAT10-mediated [14C]FAMT transport.
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In this study, we have revealed that FAMT, an aromatic amino
acid PET tracer, is transported by OAT1, OAT10 and OCTN2 among
organic ion transporters involved in the uptake into renal tubular
epithelial cells (Figs. 1 and 3). The uptake was inhibited by organic
anions such as probenecid, furosemide and ethacrynic acid (Fig. 5).
Interestingly, it was also inhibited by BCH, an amino acid trans-
porter inhibitor (Fig. 6). OCTN2-mediated FAMT uptake was
dependent on Naþ as expected from the properties of OCTN2-
mediated transport (Fig. 7). In the uptake assay, we used a Xen-
opus oocyte expression system and not the stably expressing cell
lines generally used for organic ion transporters, because [14C]Fig. 5. Inhibition of [14C]FAMT transport by probenecid, furosemide and ethacrynic acid
presence of 500 mM inhibitor (probenecid, furosemide or ethacrynic acid) for 30 min on th
OCTN2 (C) (ﬁlled columns) in ND96 buffer. Right panels: the rate of transport mediated by
control oocytes from that of the oocytes expressing each transporter shown in the left panel
compared with [14C]FAMT transport in the absence of inhibitors (“”); n.s., not signiﬁcant.FAMT is transported by LAT1 expressed in cultured cell lines in
general, which generates high background uptake (22, 23).
In [18F]FAMT PET, the remarkable physiological uptake is found
only in kidney (9, 10, 13, 16, 25). In kidney, non-protein bound low
molecular weight compounds including amino acids are ﬁltered
through glomerulus and reabsorbed by the transporters in the
apical membrane of renal proximal tubules if the compounds are
the substrates of the transporters. On the other hand, some frac-
tions of organic ions in blood are taken up by the transporters in
basolateral membrane of tubular epithelial cells and excreted into
urine via the transporters of apical membrane (30). If PET or SPECT
tracers are the substrates of such transporters in kidney, they could
be taken up by the transporters in apical or basolateral membrane. Left panels: the uptake of 5 mM [14C]FAMT was measured in the absence (“”) or the
e control oocytes (gray columns) and the oocytes expressing OAT1 (A), OAT10 (B) or
OAT1 (A), OAT10 (B) or OCTN2 (C) was obtained by subtracting the uptake rate of the
s. The uptake and transport rate were expressed as mean ± SEM (n ¼ 6e10). *, p < 0.05
Fig. 6. Inhibition of [14C]FAMT transport by BCH. Left panels: the uptake of 5 mM [14C]FAMT was measured in the presence (BCH (þ)) or the absence (BCH ()) of 0.1, 0.5 and 5 mM
BCH for 30 min on the control oocytes (“”) and the oocytes expressing OAT1 (A), OAT10 (B) or OCTN2 (C) (“þ”) in ND96 buffer. Right panels: the rate of transport mediated by OAT1
(A), OAT10 (B) or OCTN2 (C) was obtained by subtracting the uptake rate of the control oocytes from that of the oocytes expressing each transporter shown in the left panels. The
uptake and transport rate were expressed as mean ± SEM (n ¼ 5e10). OAT10-mediated [14C]FAMT transport was signiﬁcantly inhibited by 0.5 and 5 mM BCH, whereas the
transports of [14C]FAMT by OAT1 and OCTN2 were inhibited signiﬁcantly by 5 mM BCH (*p < 0.05). n.s., not signiﬁcant.
L. Wei et al. / Journal of Pharmacological Sciences 130 (2016) 101e109106into tubular epithelial cells and retained in kidney to produce renal
background in the imaging. For example, SPECT tracer [123I]IMT
with the FAMT-related structure has been proposed to be accu-
mulated in kidney via transporter-mediated processes (28).
Because [18F]FAMT was not transported by amino acid transporters
responsible for renal handling of aromatic amino acids such as
B0AT1, b0,þ, LAT2 and TAT1 (34) (Supplemental Fig. 3), we examined
organic ion transporters involved in the uptake into epithelial cellsof renal proximal tubules to reveal the mechanisms of renal accu-
mulation of [18F]FAMT in PET. This is based on the reports that some
organic ion transporters accept amino acids: OAT1 and OAT3 are
inhibited by an aromatic amino acid 3-hydroxykynurenine (35);
OCTN2 transports L-lysine (36).
In the basolateral membrane of renal proximal tubules, organic
anions are taken up by tubular epithelial cells mainly via OAT1 and
OAT3, whereas organic cations are taken up via OCT1 and OCT2
Fig. 7. Sodium dependence of [14C]FAMT transport. Left panels: the uptake of 5 mM [14C]FAMT was measured for 30 min in the presence (Naþ(þ)) or the absence (Naþ()) of
sodium on the control oocytes (“”) and the oocytes expressing OAT1 (A), OAT10 (B) or OCTN2 (C). Right panels: the rate of transport mediated by OAT1 (A), OAT10 (B) or OCTN2 (C)
were obtained by subtracting the uptake rate of the control oocytes from that of the oocytes expressing each transporter shown in the left panels. The uptake and transport rate
were expressed as mean ± SEM (n ¼ 5e10). [14C]FAMT transport by OAT1 and OAT10 was not affected by sodium (n.s.), whereas the transport mediated by OCTN2 signiﬁcantly
decreased in the absence of sodium (*p < 0.05).
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organic anions are reabsorbed from luminal ﬂuid by OAT4, OAT10
and URAT1, whereas OCTN1 and OCTN2 are responsible for the
luminal uptake of zwitterions and organic cations (Supplemental
Fig. 2) (22, 29, 30, 37). Among the transporters involved in the
uptake of organic ions into tubular epithelial cells, we showed in
the present study that OAT1, OAT10 and OCTN2 transport [14C]
FAMT (Table 1). OAT1 is localized in S2 segment, the middle portion
of proximal tubules, and mediates the entry of organic anions
including anionic drugs into the epithelial cells from basolateral
side (29, 30, 38). The differential interaction of FAMTwith OAT1 and
OAT3 we found in the present study is intriguing, which would
contribute to the understanding of the substrate recognition
mechanisms in such closely-related transporters by adding a
distinct compound to the substrate list of OAT1 and OAT3 (37).
OAT10 mainly reabsorbs endogenous organic anions including
urate and nicotinate from the apical side (29, 30, 39). OAT10
exhibited the prominent uptake of [14C]FAMT (Fig. 1D), although
the afﬁnity to FAMT was lower than that for the endogenous sub-
strates (Fig. 4) (39). OCTN2 is responsible for the reabsorption of L-
carnitine and cationic substrates (29, 30). It is, thus, suggested that
OAT1mediates FAMT uptake into tubular epithelial cells from blood
side whereas OAT10 and OCTN2 mediate the uptake from urinary
side, all of which could contribute to the renal accumulation of [18F]
FAMT in PET.
As for IMT, it was reported in mice that [125I]IMT accumulates
mainly in S2-like region of renal cortex and its accumulation is
highly suppressed by probenecid and p-aminohippurate (26, 27)
that inhibit organic anion transporters including OAT1 and OAT10
(29, 38, 39). Furthermore, probenecid, furosemide and ethacrynic
acid, all of which inhibit organic anion transporters (29, 30),
reduced tubular secretion of [125I]IMT into urine in mice, suggest-
ing that signiﬁcant portion of IMT is taken up from blood side by
the organic anion transporters of basolateral membrane and
excreted into urine through the apical membrane (28). In the
course of such transcellular transport, IMT would accumulate in
renal tubules. The accumulation of [125I]IMT in S2-like region let us
speculate that OAT1 present in S2 segment (38) at least contributes
to the renal accumulation of [125I]IMT, while, at the moment, the
detailed tubular distribution is not determined for OAT10 and
OCTN2. As shown in Fig. 5, [14C]FAMT transports by OAT1, OAT10
and OCTN2 are mostly inhibited by probenecid, furosemide and
ethacrynic acid, suggesting that particularly probenecid with rela-
tively higher plasma concentration at clinical dosage (40) could
suppress the renal accumulation of [18F]FAMT in PET when
administered at appropriate doses.
It was furthermore reported for IMT that, in cultured human
renal proximal tubule epithelial cells in vitro, the small portion of
[125I]IMT uptake is inhibited by BCH, an inhibitor of amino acid
transport systems L, B0 and B0,þ (34), in a Naþ-dependent manner
(28). Based on this, the contribution of Naþ-dependent BCH-
inhibitable system B0 was once proposed (28). While [14C]FAMT
was not transported by B0AT1, a system B0 transporter responsible
for renal reabsorption of neutral amino acids (Supplemental Fig. 3),
we found that [14C]FAMT uptakes by OAT1, OAT10 and OCTN2 are
inhibited by BCH (Fig. 6) although the afﬁnity of OATs to BCH seems
lower than that of amino acid transporters (23). The OCTN2-
mediated [14C]FAMT uptake was dependent on Naþ as expected
from the properties of OCTN2-mediated transport (41) (Fig. 7).
Therefore, Naþ-dependent BCH-inhibitable component is not
necessarily attributed to amino acid transport system B0 but OCTN2
can be an alternative candidate.
Interestingly, the tumor uptake of [125I]IMT was reported to be
enhanced by probenecid (27). It is probably because probenecid
prevents the urinary loss of [125I]IMT and maintains its blood level,although probenecid inhibits transporters for both reabsorption
and excretion of organic anions (27, 30). This suggests that kidney
excretes IMT mainly through transcellular transport from blood to
urine at the proximal tubule (Supplemental Fig. 2). The action of
probenecid on the organic anion transporters in the basolateral
membrane is supposed to be responsible for this effect, consistent
with the observation that the administration of probenecid
reduced tubular secretion of [125I]IMT into urine in mice (28).
Suppose that FAMT with a quite similar structure to IMT behaves
similarly in terms of interaction with tubular transporters, it would
be expected that the appropriate dose of probenecid or other high-
afﬁnity OAT inhibitors might be used to enhance the tumor uptake
as well as to reduce renal background of [18F]FAMT in PET similar to
IMT (27).
Conﬂict of interest
The authors declare no conﬂict of interest.
Acknowledgments
This work was supported by grant from the Japan Society for the
Promotion of Science (JSPS), the Advanced Research for Medical
Products Mining Program (ID012-02) of the National Institute of
Biomedical Innovation (NIBIO) and Japan (MEXT) Regional Inno-
vation Strategy Support Program of Ministry of Education, Culture,
Sports, Science and Technology.
Appendix A. Supplementary data
Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.jphs.2016.01.001.
References
(1) Plathow C, Weber WA. Tumor cell metabolism imaging. J Nucl Med.
2008;49(Suppl. 2):43Se63S.
(2) Cook GJ, Maisey MN, Fogelman I. Normal variants, artefacts and interpretative
pitfalls in PET imaging with 18-ﬂuoro-2-deoxyglucose and carbon-11
methionine. Eur J Nucl Med. 1999;26:1363e1378.
(3) Avril N. GLUT1 expression in tissue and 18F-FDG uptake. J Nucl Med. 2004;45:
930e932.
(4) Mueckler M, Thorens B. The SLC2 (GLUT) family of membrane transporters.
Mol Asp Med. 2013;34:121e138.
(5) Jager PL, Vaalburg W, Pruim J, de Vries EG, Langen KJ, Piers DA. Radiolabeled
amino acids: basic aspects and clinical applications in oncology. J Nucl Med.
2001;42:432e445.
(6) Deloar HM, Fujiwara T, Nakamura T, Itoh M, Imai D, Miyake M, et al. Esti-
mation of internal absorbed dose of l-[methyl-11C]methionine using whole-
body positron emission tomography. Eur J Nucl Med. 1998;25:629e633.
(7) Pauleit D, Floeth F, Herzog H, Hamacher K, Tellmann L, Müller HW, et al.
Whole-body distribution and dosimetry of O-(2-18F-ﬂuoroethyl)-L-tyrosine.
Eur J Nucl Med Mol Imaging. 2003;30:519e524.
(8) Tomiyoshi K, Amed K, Muhammad S, Higuchi T, Inoue T, Endo K, et al. Syn-
thesis of isomers of 18F-labelled amino acid radiopharmaceutical: position 2-
and 3-l-18F-a-methyltyrosine using a separation and puriﬁcation system. Nucl
Med Commun. 1997;18:169e175.
(9) Kaira K, Oriuchi N, Otani Y, Yanagitani N, Sunaga N, Hisada T, et al. Diagnostic
usefulness of ﬂuorine-18-a-methyltyrosine positron emission tomography in
combination with 18F-ﬂuorodeoxyglucose in sarcoidosis patients. Chest.
2007;131:1019e1027.
(10) Inoue T, Koyama K, Oriuchi N, Alyafei S, Yuan Z, Suzuki H, et al. Detection of
malignant tumors: whole-body PET with ﬂuorine 18 a-methyl tyrosine versus
FDGdpreliminary study. Radiology. 2001;220:54e62.
(11) Kaira K, Oriuchi N, Otani Y, Shimizu K, Tanaka S, Imai H, et al. Fluorine-18-a-
methyltyrosine positron emission tomography for diagnosis and staging of
lung cancer: a clinicopathologic study. Clin Cancer Res. 2007;13:6369e6378.
(12) Kaira K, Oriuchi N, Shimizu K, Ishikita T, Higuchi T, Imai H, et al. Evaluation of
thoracic tumors with 18F-FMT and 18F-FDG PET-CT: a clinicopathological
study. Int J Cancer. 2009;124:1152e1160.
(13) Kim M, Achmad A, Higuchi T, Arisaka Y, Yokoo H, Yokoo S, et al. Effects of
intratumoral inﬂammatory process on 18F-FDG uptake: pathologic and
comparative study with 18F-ﬂuoro-a-methyltyrosine PET/CT in oral squamous
cell carcinoma. J Nucl Med. 2015;56:16e21.
L. Wei et al. / Journal of Pharmacological Sciences 130 (2016) 101e109 109(14) Nobusawa A, Kim M, Kaira K, Miyashita G, Negishi A, Oriuchi N, et al. Diag-
nostic usefulness of 18F-FAMT PET and L-type amino acid transporter 1 (LAT1)
expression in oral squamous cell carcinoma. Eur J Nucl Med Mol Imaging.
2013;40:1692e1700.
(15) Kaira K, Oriuchi N, Yanagitani N, Sunaga N, Ishizuka T, Mori M, et al.
Assessment of therapy response in lung cancer with 18F-a-methyl tyrosine
PET. Am J Roentgenol. 2010;195:1204e1211.
(16) Suzuki S, Kaira K, Ohshima Y, Ishioka NS, Sohda M, Yokobori T, et al. Biological
signiﬁcance of ﬂuorine-18-a-methyltyrosine (FAMT) uptake on PET in pa-
tients with oesophageal cancer. Br J Cancer. 2014;110:1985e1991.
(17) Wiriyasermkul P, Nagamori S, Tominaga H, Oriuchi N, Kaira K, Nakao H, et al.
Transport of 3-ﬂuoro-l-a-methyl-tyrosine by tumor-upregulated L-type
amino acid transporter 1: a cause of the tumor uptake in PET. J Nucl Med.
2012;53:1253e1261.
(18) Kanai Y, Segawa H, Ki Miyamoto, Uchino H, Takeda E, Endou H. Expression
cloning and characterization of a transporter for large neutral amino acids
activated by the heavy chain of 4F2 antigen (CD98). J Biol Chem. 1998;273:
23629e23632.
(19) Fotiadis D, Kanai Y, Palacín M. The SLC3 and SLC7 families of amino acid
transporters. Mol Asp Med. 2013;34:139e158.
(20) Wang Q, Holst J. L-type amino acid transport and cancer: targeting the
mTORC1 pathway to inhibit neoplasia. Am J Cancer Res. 2015;5:1281e1294.
(21) Hayashi K, Jutabha P, Kamai T, Endou H, Anzai N. LAT1 is a central transporter
of essential amino acids in human umbilical vein endothelial cells.
J Pharmacol Sci. 2014;124:511e513.
(22) Morimoto E, Kanai Y, Kim do K, Chairoungdua A, Choi HW, Wempe MF, et al.
Establishment and characterization of mammalian cell lines stably expressing
human L-type amino acid transporters. J Pharmacol Sci. 2008;108:505e516.
(23) Khunweeraphong N, Nagamori S, Wiriyasermkul P, Nishinaka Y, Wongthai P,
Ohgaki R, et al. Establishment of stable cell lines with high expression of
heterodimers of human 4F2hc and human amino acid transporter LAT1 or
LAT2 and delineation of their differential interaction with a-alkyl moieties.
J Pharmacol Sci. 2012;119:368e380.
(24) Uchino H, Kanai Y, Kim DK, Wempe MF, Chairoungdua A, Morimoto E, et al.
Transport of amino acid-related compounds mediated by L-type amino acid
transporter 1 (LAT1): insights into the mechanisms of substrate recognition.
Mol Pharmacol. 2002;61:729e737.
(25) Inoue T, Tomiyoshi K, Higuichi T, Ahmed K, Sarwar M, Aoyagi K, et al. Bio-
distribution studies on l-3-[ﬂuorine-18]ﬂuoro-a-methyl tyrosine: a potential
tumor-detecting agent. J Nucl Med. 1998;39:663e667.
(26) Shikano N, Kawai K, Flores LG, Nishii R, Kubota N, Ishikawa N, et al. An arti-
ﬁcial amino acid, 4-iodo-L-meta-tyrosine: biodiribution and excretion via
kidney. J Nucl Med. 2003;44:625e631.(27) Nakajima S, Shikano N, Kotani T, Ogura M, Nishii R, Yoshimoto M, et al.
Pharmacokinetics of 3-[125I]iodo-alpha-methyl-L-tyrosine, a tumor imaging
agent, after probenecid loading in mice implanted with colon cancer DLD-1
cells. Nucl Med Biol. 2007;34:1003e1008.
(28) Shikano N, Kawai K, Nakajima S, Nishii R, Flores LG, Kubodera A, et al. Renal
accumulation and excretion of radioiodinated 3-iodo-a-methyl-L-tyrosine.
Ann Nucl Med. 2004;18:263e270.
(29) Koepsell H. The SLC22 family with transporters of organic cations, anions and
zwitterions. Mol Asp Med. 2013;34:413e435.
(30) Pelis RM, Wright SH. Renal transport of organic anions and cations. Compr
Physiol. 2011;1:1795e1835.
(31) Anzai N, Kanai Y, Endou H. Organic anion transporter family: current
knowledge. J Pharmacol Sci. 2006;100:411e426.
(32) Halldin C, Schoeps KO, Stone-Elander S, Wiesel FA. The Bücherer-Strecker
synthesis of D- and L-(1-11C)tyrosine and the in vivo study of L-(1-11C)tyrosine
in human brain using positron emission tomography. Eur J Nucl Med.
1987;13:288e291.
(33) Yanagida O, Kanai Y, Chairoungdua A, Kim DK, Segawa H, Nii T, et al.
Human L-type amino acid transporter 1 (LAT1): characterization of function
and expression in tumor cell lines. Biochim Biophys Acta. 2001;1514:
291e302.
(34) Br€oer S. Amino acid transport across mammalian intestinal and renal
epithelia. Physiol Rev. 2008 Jan;88(1):249e286.
(35) Bahn A, Ljubojevic M, Lorenz H, Schultz C, Ghebremedhin E, Ugele B, et al.
Murine renal organic anion transporters mOAT1 and mOAT3 facilitate the
transport of neuroactive tryptophan metabolites. Am J Physiol Cell Physiol.
2005;289:C1075eC1084.
(36) Wagner CA, Lükewille U, Kaltenbach S, Moschen I, Br€oer A, Risler T, et al.
Functional and pharmacological characterization of human Naþ-carnitine
cotransporter hOCTN2. Am J Physiol Ren Physiol. 2000;279:F584eF591.
(37) Burckhardt G. Drug transport by organic anion transporters (OATs). Phar-
macol Ther. 2012;136:106e130.
(38) Sekine T, Watanabe N, Hosoyamada M, Kanai Y, Endou H. Expression cloning
and characterization of a novel multispeciﬁc organic anion transporter. J Biol
Chem. 1997;272:18526e18529.
(39) Bahn A, Hagos Y, Reuter S, Balen D, Brzica H, Krick W, et al. Identiﬁcation of a
new urate and high afﬁnity nicotinate transporter, hOAT10 (SLC22A13). J Biol
Chem. 2008;283:16332e16341.
(40) Selen A, Amidon GL, Welling PG. Pharmacokinetics of probenecid following
oral doses to human volunteers. J Pharm Sci. 1982;71:123812e123842.
(41) Pochini L, Scalise M, Galluccio M, Indiveri C. OCTN cation transporters in
health and disease: role as drug targets and assay development. J Biomol
Screen. 2013;18:851e867.
